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ABSTRACT 
 
PREDATOR RESPONSE, PARENTAL BEHAVIOR, AND NEST SURVIVAL OF FOREST 
BIRDS IN A TROPICAL RAINFOREST 
 
GEORGE C. CUMMINS 
 
The parental behaviors of species that care for their young are tailored to the environment 
they live in due to the high selective pressure of reproducing successfully. For birds, nest 
predation is thought to be the main driver of many reproductive traits, including parental 
behaviors. Other measures of habitat quality such as food availability and climate also influence 
nest survival and parental behaviors. In places where predator species have been introduced 
and/or habitat change has occurred, we may expect endemic species to either go extinct or 
quickly adapt to these new interactions with their environment. This study examined two aspects 
of parental behavior of birds living in a changed environment. First, using endemic Hawaiian 
birds and recently introduced birds as a model system, I experimentally tested responses to 
current, historical, and introduced predators. I found that endemic bird species responded to a 
model of an introduced predator, a rat (Rattus sp), with similar intensity to that of a novel object 
(a box), suggesting a general neophobic reaction. Endemic birds, however, trended toward a less 
variable response to the rat, suggesting some differentiation of the two, with a stronger, more 
uniform response to the rat.  For recently introduced birds, I found that one species responded 
strongly to a historical predator that it had not seen for ca. 90 years (a snake), while another 
recently introduced species did not, suggesting large inter-specific variation in retention of 
antipredator behavior.  The second aspect of my thesis compared nest survival and nest 
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attendance behavior between the same species breeding in a forest restored from pastureland ca. 
20 years ago and those breeding in nearby old-growth forest.  I found no difference in nest 
survival or nest attendance behaviors between the restored forest and an old-growth forest, 
indicating that recently restored forests provided viable breeding habitat and highlighting the 
importance of using behavior and reproductive success to measure effects of restoration. Both 
studies indicate that endemic species are adaptable in respect to introduced species and habitat 
changes. These are promising results in the face of the rapid anthropogenic changes facing many 
species across the globe today.  
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PREFACE 
 
This thesis includes four chapters, the first and last of which follow Northern Arizona 
University thesis format and content requirements, while the second and third chapters were 
written in manuscript format for the journals Animal Behaviour and Restoration Ecology, 
respectively. Because of this, there is some redundancy among chapters. 
Chapter one gives background information about predator response and parental care 
behaviors of passerine birds. I also give background information on my study area, Hakalau 
Forest National Wildlife Refuge (hereafter Hakalau), and the problems being faced by endemic 
birds living in Hawai‘i today. Chapter two is written as a manuscript for the journal Animal 
Behaviour, and details an experiment studying the evolution of predator responses in passerine 
birds in relation to the multipredator hypothesis. In it, I find partial support for this hypothesis 
while also finding evidence that some individual endemic birds respond to introduced predators. 
Chapter three is written as a manuscript for the journal Restoration Ecology, and presents 
evidence that a restored forest site in Hakalau is providing equal breeding habitat for many 
species of endemic birds. I compared seven species’ nesting success and nest attendance 
behaviors in this restored area with nearby, old-growth forests, and found similar behaviors and 
levels of nesting success. Finally, chapter four is retrospective, and also contains future research 
needs and impacts of this project. 
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CHAPTER 1  
BACKGROUND 
Life history strategies, parental care, and introduced species 
A species’ life history strategy consists of “a set of coadapted traits designed, by 
natural selection, to solve particular ecological problems” (Stearns 1976), especially 
relating to reproductive traits (e.g. clutch size or length of parental care). Although a 
species’ phylogenetic, non-reproductive traits, such as habitat selection and specialized 
foraging adaptations, put limitations on its reproductive adaptations (Ricklefs 1969, 
Stearns 1976), evolution will still tailor reproductive life history strategies to the 
environment to maximize fitness. Both adult and juvenile survival, nest predation, and 
food limitation are biotic environmental factors that have been hypothesized to affect the 
life history strategies adopted by individual bird species (Martin 1995, Martin 2015). 
Parents must balance the energy invested in their current offspring with the energy 
required for survival of themselves and their future reproductive efforts (e.g. Nilsson and 
Svensson 1996, Hanssen et al. 2005).  
For birds, nest predation specifically has been hypothesized to directly influence 
the different clutch sizes, parental nest attendance behavior, and nestling growth patterns 
seen among avian species (Lack 1948, Skutch 1949, Martin et al. 2000, Martin 2015).  In 
fact, nest predation is thought to be the main driver of passerine nest success (Martin 
1995, Martin 2015), and predation levels influence many inherent reproductive traits such 
as nest placement, nesting period, and nestling growth rates (Martin et al. 2000, Conway 
and Martin 2000, Martin 2015). Parental activity at the nest has long been hypothesized 
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to be affected negatively by predation (Skutch’s hypothesis) (Skutch 1949). More recent 
studies have lent support to this hypothesis when controlling for nest site selection 
(Martin at el. 2000, Halupka and Greeney 2009), finding that parental activity, and 
potentially parental defense behavior, does influence nest predation levels.   
The ability of birds to recognize and respond to nest predators may be 
compromised when birds have been free from predation for long periods or when novel 
predators are initially introduced.  Currently, humans are facilitating the rapid movement 
of species across the globe, creating novel species interactions (Simberloff et al. 2013). 
Novel interactions between introduced and endemic species can change selective 
pressures on endemic species, especially when endemic species have no evolutionary 
history interacting with the invader or with species like it (Simberloff et al. 2013). While 
some novel species interactions can provide beneficial functions to an environment in its 
current state (Rodriguez 2006, Pattemore and Wilcove 2012, Motyka 2016, Mahoney et 
al. 2017), many are detrimental to endemic species at the time of introduction (Blackburn 
et al. 2004, Simberloff et al. 2013). When novel nest predators are introduced into an 
environment, this should impact endemic bird species negatively until they can adapt and 
evolve the appropriate behavioral responses.   
The lack of appropriate anti-predator behaviors may be especially likely when the 
introduced species is a predator type not currently or historically present in the area of 
introduction (Griffin et al. 2000). This scenario has played out on islands around the 
globe, and, as a result, introduced predators are the main cause of extinction for many 
endemic island bird species (Savidge 1987, Blackburn et al. 2004, Tershy et al. 2015).  
Some animals, however, including passerine birds, have been shown to be able to learn 
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appropriate fear responses to introduced predators (Maloney and McLean 1995, Griffin et 
al. 2000, Jamieson and Ludwig 2012). Passerine birds have also shown plasticity in their 
response to the level of nest predation by different predator types, and changed their 
response (Kleindorfer et al. 2005) and nest placement accordingly (Peluc et al. 2008). 
South Island robins in New Zealand have learned from a single “training” encounter with 
an introduced predator, and responded more appropriately the next time they were faced 
with this threat (Maloney and McLean 1995). This suggests that although many island 
passerine species have gone extinct after novel predator introductions, others can adapt to 
novel conditions in evolutionarily short time frames. 
The fact that many island species are not entirely free of predation, but only free 
from certain predator types (i.e. an island may have birds of prey but no mammal 
predators), may be why some species adapt to novel predators on relatively short time 
scales. Griffin et al. (2000) proposed that species should learn to recognize and respond 
to a novel predator more easily if the novel predator uses the same hunting technique as a 
current predator, since appropriate response behaviors to that predator would already be 
innate. The multipredator hypothesis (Blumstein 2006) goes further, proposing that all 
antipredator behaviors are the result of pleiotropic effects and/or are likely linked and 
therefore not lost as long as some type of predation pressure exists, unless the relative 
costs of maintenance are too high. To develop this hypothesis Blumstein (2006) reviewed 
and integrated a few other hypotheses pertaining to the retention of anti-predator 
behaviors. First, the ‘ghost of predators past’ states that if a species was subject to past 
predation selection, it “will retain antipredator behaviors if it is not too costly to do so”. 
Second, “anti-predator behaviors may have pleiotropic effects on other traits, which will 
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be functional regardless of the presence or absence of predators”. Third, if an antipredator 
behavior “is ‘functionally integrated’ with other behaviors” it may be preserved without a 
predator being present, especially if it is not a specific, specialized antipredator behavior. 
If the multipredator hypothesis holds, isolated island species without any predators may 
lose antipredator behaviors relatively quickly (Blumstein et al. 2004), while those that 
experience a limited predator suite should still exhibit almost complete predator 
recognition (Blumstein et al. 2000, Blumstein 2006). If a specific antipredator behavior 
had a high cost relative to others, however, this behavior could be lost when predation 
pressure is removed (Blumstein 2006). 
Hawaii as a study system 
The Hawaiian archipelago offers the opportunity to compare parental behaviors 
among passerine species that differ in their evolutionary history with native and 
introduced predators. The Hawaiian Islands are a volcanic archipelago in the middle of 
the Pacific Ocean, ca. 4,000km off the coast of North America, which is the nearest 
continental landmass. The earliest birds to arrive in Hawaii were ancestors of the endemic 
Hawaiian honeycreepers, derived from a species within the family Fringillidae that 
arrived 4.5-6 mya, most likely from Asia (Fleischer and McIntosh 2001, Pratt 2009). 
Colonization by five other lineages of passerine birds followed between 1.5-5 mya 
(Fleischer and McIntosh 2001, Pratt 2009). These more recent arrivals include the 
Hawaiian flycatchers (Monarchidae) from the South Pacific >1.5 mya, and Hawaiian 
thrushes (Turdidae) from North America 3.4 mya (Fleischer and McIntosh 2001, Pratt 
2009).  
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In historic times, a diversity of passerine birds from continental ecosystems have 
been introduced to the islands, and are currently coexisting in native habitat with endemic 
Hawaiian species (Foster 2009). Most introductions occurred in the first half of the 20th 
century as a result of pest control efforts and to restore bird life in low elevation habitats 
where native species had gone extinct (Foster 2009). The Japanese White-eye (Zosterops 
japonicus), first released in 1929, and Red-billed Leiothrix (Leiothrix lutea), first released 
in 1918, are now two of the most common birds in Hawaiian forests (Pyle and Pyle 2009, 
Foster 2009). These differences in the arrival times of native and introduced birds allows 
behaviors of native birds with a long evolutionary history in the islands to be compared to 
recently introduced species that evolved in more predator-rich habitats on the mainland. 
The only nest predators in Hawaii prior to human settlement of the islands were 
birds: three species of Accipitridae, of which only the ‘Io, Buteo solitarius survives 
today, extinct, carnivorous Rallidae, five Strigidae (only the most recent arrival, the Peuo, 
Asio flammeus sandwichensis, survives today) and three Corvidae (only the ‘Alalā, 
Corvus hawaiiensis, survives today). In contrast, mainland birds contend with a more 
diverse set of avian predators as well as a diversity of mammals and reptiles (Pratt 2009). 
There are no native reptiles in Hawaii, and the only native terrestrial mammals are bats 
(Pratt 2009), so no reptile or mammal predators were present during most of Hawaiian 
passerine evolution.  In historic times, however, humans introduced many terrestrial 
mammals, including mongoose, rats, mice, and domestic cats (Lindsey et al. 2009). 
Unlike some other islands where introduced snakes have had a major impact on native 
birds (e.g. Guam, Savidge 1987), snakes are still not established in the Hawaiian Islands. 
The predator response of endemic Hawaiian birds is currently unknown (Pratt 2009). 
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Non-predator threats to Hawaiian birds 
In Hawaiʻi, land conversion from mature ‘ōhi‘a-koa rainforest (‘ōhi‘a: 
Metrosideros polymorpha; koa: Acacia koa) to pasture and agriculture, combined with 
the spread of avian malaria (Plasmodium relictum), has led to very limited habitat for 
endemic forest bird species (Fortini et al. 2015). After the southern house mosquito 
(Culex quinquefasciatus) was introduced to the islands, avian malaria spread from 
introduced and migratory bird species to resident endemics and caused widespread 
mortality (Atkinson and LaPointe 2009). Populations of native passerine species are now 
limited to high elevations (~1500m) above which Plasmodium cannot develop (Atkinson 
and LaPointe 2009, Fortini et al. 2015). Over the past two centuries, large amounts of 
land at these elevations were converted from native rainforest to grazing land consisting 
largely of non-native grasses (summarized in Scowcroft and Jeffery 1999, Tummons 
2002, Scowcroft et al. 2008), trapping endemic Hawaiian birds in patches of forest 
between the tree line and the ‘mosquito line’. 
Acacia koa reforestation in Hawaii 
In the past two to three decades the price and demand for koa (Acacia koa) as 
valuable timber has led to an economic incentive for landowners to convert pasture to koa 
plantations (Goldstein 2006).  Koa grows very quickly, and can provide a stable 
microclimate and canopy under which other native species may establish (Scowcroft and 
Jeffery 1999). Native birds use koa plantations for foraging and breeding, including the 
endangered ‘Akiapōlā‘au (Hemignathus wilsoni), ‘Akepa (Loxops coccineus), and 
Hawai‘i Creeper (Loxops mana) (Pejchar et al. 2005, Cummins et al. 2014). Are koa 
plantations, however, viable habitat for endemic forest birds? One previous study found 
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that the Akiapola‘au, a koa specialist, had higher densities and exhibited less territoriality 
in a koa plantation than in old growth ‘ōhi‘a-koa forests, suggesting that koa plantations 
could provide adequate habitat for some native species (Pejchar et al. 2005).  
Restoration efforts can be expensive to implement and monitor and therefore 
evaluating the effectiveness of restoration should be a high priority (Suding 2011, Thorpe 
and Stanley 2011, Wortley et al. 2013). The success of restoration must be measured in 
multiple ways to determine its effectiveness, including differences in animal behavior 
between restored areas and reference locations (Lindell 2008). Measures like species 
presence or species richness are important but do not give any indication of the costs of 
living in an area or of reproductive success (Lindell 2008). For birds, nest success may 
give a better indication of habitat quality when restored and unrestored plots are 
compared, but nest success alone does not indicate if the costs of reproduction are 
different between habitats. Reproduction is costly, impacting the parent’s survival and 
their future reproduction (e.g. Nilsson and Svensson 1996, Hanssen et al. 2005). Costs are 
incurred during both incubation (Martin 2002) and nestling stages (Nur 1987), so parents 
may need to alter their behavior throughout the nesting period to compensate for breeding 
in lower quality habitat. Birds in higher quality habitat may be able to incubate longer 
and more often without sacrificing their own health (Chalfoun and Martin 2007) and 
increase the number of provisioning trips. The length of time one individual sits on eggs 
during a single incubation bout is variable among species (and presumably driven by 
hunger), while the total time on the nest is least variable among species (Conway and 
Martin 2000), indicating bout lengths can be changed according to environmental 
variables even if overall nest attendance rates are less plastic. Thus, for birds, combining 
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estimates of nest success with measures of nest attendance can better indicate whether 
restored habitats are functionally similar to native habitats. 
Purpose 
The goal of this thesis was to use two approaches to examine the hypothesis that  
passerine birds can adapt to a changed environment in an evolutionarily short timeframe. 
First, by experimentally examining the response of endemic and introduced birds to 
current and historic nest predators using models of predators, I assessed how quickly 
predator recognition and response can be gained or lost (Chapter 2). Second, by 
comparing the nesting success and nest attendance behaviors among bird species between 
old growth ‘ōhi‘a-koa forests and a ca. 20-year-old koa plantation, I determined whether 
koa plantations provide viable breeding habitat for multiple endemic Hawaiian bird 
species (Chapter 3). The second and third chapter were written as individual publications, 
and therefore some redundancy may appear between this chapter and the following ones.  
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CHAPTER 2 
EVOLUTION OF RESPONSE TO NEST PREDATORS IN PASSERINES 
 
ABSTRACT 
When birds have been free from predation for long periods or when novel predators are 
initially introduced, the ability of birds to recognize and respond appropriately to nest 
predators may be compromised. We experimentally tested the multipredator hypothesis, 
which states that as long as birds are exposed to one predator, they should retain 
antipredator responses to similar predator types even if those predators are absent. To do 
this we quantified reactions of five endemic and two introduced songbird species on the 
island of Hawaiʻi to models of two predators and two controls placed within 1m of active 
nests. For predator models, we used a rat, a predator introduced to Hawaiʻi in the past 
millennium, and a snake, a predator absent from Hawaiʻi. We used a box and a branch as 
controls. We predicted that endemic species will have adapted to recognize and respond 
to the rat, but will not respond to the snake. We also predicted that introduced species 
would recognize and respond to both the rat and snake according to the multipredator 
hypothesis. Consistent with our predictions, we found that 1) all species trended towards 
a higher agitation score towards the rat model, and 2) none of the endemic birds reacted 
to the snake model, while one introduced bird, the Red-billed Leiothrix (Leiothrix lutea), 
reacted as strongly to the snake as to the rat. However, some individuals of endemic 
species responded aggressively towards the rat while other individuals did not, suggesting 
that for endemic birds there is a learned component in the recognition of this introduced 
predator. Overall, our results suggest that predator recognition has both learned and 
innate aspects, and provide partial support to the multipredator hypothesis. This is a 
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hopeful message for conservation efforts trying to maintain endemic birds in the face of 
introduced predators and for relocation or reintroduction of naïve, captive individuals to 
the wild. 
 
KEYWORDS 
nest predator, predator response, multipredator hypothesis, passerine, Hawaiʻi, ordination 
 
INTRODUCTION 
Nest predation is the main cause of nest failure and therefore one of the main 
drivers of life history traits and parental care behaviors in birds (Martin 1995, Martin 
2015). The eggs and altricial young of passerine birds are highly vulnerable to predation 
and most nests fail before eggs hatch or before the young leave the nest (Martin et al. 
2000).  As a result, parental care behaviors should be under high selection pressures to 
maximize reproductive efforts. Evolutionary response to nest predation may influence 
reproductive traits, including nest placement, length of nesting periods, and nestling 
growth rates (Martin et al. 2000, Conway and Martin 2000, Martin 2015). Parental care 
behaviors may also influence the level of predation at individual nests, either through 
parental activity that draws predators’ attention or through defensive behaviors towards 
predators (Skutch 1949, Martin et al. 2000, Halupka and Greeney 2009, Ghalambor et al. 
2013).  
When birds have been free from predation for long periods or when novel 
predators are initially introduced, the ability of birds to recognize and respond 
appropriately to nest predators may be compromised. Currently, humans are facilitating 
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the rapid movement of species across the globe, creating novel species interactions 
(Simberloff et al. 2013). Novel interactions between introduced and endemic species can 
change selective pressures on endemic species, especially when endemic species have no 
evolutionary history interacting with the invader or similar species (Simberloff et al. 
2013). While some novel species interactions may benefit endemic species (Rodriguez 
2006, Pattemore and Wilcove 2012, Motyka 2016, Mahoney et al. 2017), many are 
detrimental at the time of introduction (Blackburn et al. 2004, Simberloff et al. 2013). 
Novel nest predators are detrimental and will impact endemic bird species negatively 
until they can adapt and evolve appropriate anti-predator responses.   
The lack of appropriate anti-predator behaviors can be especially detrimental 
when the introduced species is a predator type previously not present in that location 
(Griffin et al. 2000). This is true for birds on many islands around the globe, and 
introduced predators are the main cause of extinction for many endemic island species 
(Savidge 1987, Blackburn et al. 2004). In some cases, however, birds may learn 
appropriate responses to introduced predators (Griffin et al. 2000, Jamieson and Ludwig 
2012), or show plasticity in their response to predators depending on the level of nest 
predation by a certain predator type (Kleindorfer et al. 2005, Peluc et al. 2008). For 
example, wild South Island robins in New Zealand may learn from a single “training” 
encounter with an introduced predatory species, and respond more appropriately the next 
time they are faced with this threat (Maloney and McLean 1995). This suggests that 
although many island passerine species have gone extinct after novel predator 
introductions, others can adapt to novel conditions in evolutionarily short time frames. 
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 The fact that many island species are not entirely free of predation, but only free 
from certain predator types (e.g. an island may have birds of prey but no mammal 
predators), may be why some species adapt to novel predators on relatively short time 
scales. Griffin et al. (2000) proposed that species should learn to recognize and respond 
to a novel predator more easily if it uses the same hunting technique as a current predator, 
because appropriate behaviors would already be innate. The multipredator hypothesis 
(Blumstein 2006) goes further, proposing that all antipredator behaviors have pleiotropic 
effects and are genetically linked and therefore not lost under relaxed selection as long as 
some type of predation pressure exists, unless the relative costs of maintenance are too 
high. If this hypothesis is supported, isolated island species without any predators may 
lose antipredator behaviors relatively quickly (Blumstein et al. 2004), while those that 
experience a limited predator suite should still exhibit almost complete predator 
recognition (Blumstein et al. 2000, Blumstein 2006). Antipredator behaviors should be 
linked at the genomic level and conserved because throughout time species have always 
had to respond to predators and it would be a disadvantage to inherit some but not all 
antipredator behaviors (Blumstein 2006). If a specific antipredator behavior has a high 
cost relative to other behaviors, however, the high-cost behavior could be lost when 
predation pressure is removed (Blumstein 2006).  
The endemic and introduced birds on the Hawaiian Islands offer an opportunity to 
experimentally study predator recognition and response and test the multipredator 
hypothesis. There are no native reptiles to Hawaiʻi, and the only native terrestrial 
mammals are bats (Pratt 2009), so two of the most prominent nest predator types on the 
mainland (snakes and small mammals) were not present while Hawaiian passerines 
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evolved. Polynesians first arrived in the islands less than 1000 years ago (Wilmshurst et 
al. 2010) and brought with them the Polynesian rat (Rattus exulans), a mammal that has 
presumably acted as a nest predator since its introduction (Lindsey et al. 2009). 
Europeans made contact in 1778 and since then have introduced more terrestrial 
mammalian predators, including mongooses, rats, mice, and domestic cats (Lindsey et al. 
2009).  Snakes, however, are still not established in the islands. Many mainland passerine 
birds have been introduced to the islands as well, especially during the 1920s and 1930s, 
and are now coexisting in native habitats with endemic Hawaiian birds (Foster 2009). 
These mainland species presumably have a long evolutionary history with mammalian 
and reptilian nest predators. Thus, Hawaiʻi offers the opportunity to compare behaviors of 
endemic bird species interacting with novel nest predators to that of recently introduced 
bird species experiencing relaxed nest predation pressures.  
To better understand how endemic birds respond towards introduced predators, 
and to test the multipredator hypothesis on antipredator behavior retention, we 
experimentally evaluated the response of both endemic and introduced Hawaiian 
passerines to historical, current, and novel predators. Snakes are a nest predator common 
in the introduced species’ native ranges, but absent from Hawaiʻi, thus they represent an 
historical predator type for the introduced species and a completely novel type for 
endemic species. Rats, present in Hawaiʻi for approximately 800 years, represent a 
relatively novel predator for endemic species, and both an historical and current predator 
type for introduced species, which have never been isolated from rat predation. 
Comparing behavioral responses among these endemic and introduced bird species can 
therefore help clarify how quickly birds either gain nest defense behavior (in endemic 
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species now exposed to rats) or lose nest defense behavior (introduced species now 
breeding without snakes).  
Recognition of a predator must be present for an individual to respond adaptively. 
Response behaviors, therefore, indicate that an individual does recognize a predator as a 
threat. For endemic species, we ask 1) does evolving for millions of years in an 
environment free from mammalian and reptilian predators lead to the loss of recognition 
and response to these predator types, and 2) has recent exposure to rats led to recognition 
and response to this predator type? We propose three alternative hypotheses. First, 
millions of years has led to the loss of predator recognition and response to terrestrial 
predators, and endemic species will not respond when faced with either a snake or a rat in 
an experimental trial. Other island endemics have lost recognition of predators over time 
(Griffin et al. 2000, Blackburn et al. 2004), presumably because of the costs associated 
with these behaviors (Lima and Dill 1990, Griffin et al. 2000). Second, appropriate 
recognition and response exists toward both mammalian and reptilian predators even 
after isolation due to pleiotropic effects or genetic linkage of these behaviors and 
relatively low maintenance costs (i.e. the multipredator hypothesis, Blumstein 2006). 
Hawaiian endemics have not lived entirely predator-free, as there are endemic avian nest 
predators, so that under the multipredator hypothesis they should display antipredator 
behaviors towards terrestrial predators as well. Third, recognition and response to snakes 
and rats has been lost in the long period free from these predator types, but those 
behaviors were re-established towards rats through recent experience or selection. New 
Zealand passerine species isolated on islands have shown recognition and response 
toward introduced mammalian predators (Massaro et al. 2008, Jamieson and Ludwig 
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2012) though it would not be expected for these species to generalize their recognition of 
this new predator to another taxonomic group (e.g. reptiles) (Griffin et al. 2001, Ferrari et 
al. 2007).  
For introduced birds on Hawaiʻi, we ask does living without a predator for 
approximately 90 years (20-30 generations for a small passerine) result in a loss of 
recognition and response toward that predator? We propose two alternative hypotheses. 
First, appropriate recognition and response towards both rat and snake predators is 
present. Rats are still a predator in Hawaiʻi, and responses towards snakes should be 
pleiotropically or genetically linked to those anti-predator behaviors (i.e. multipredator 
hypothesis, Blumstein 2006). Second, even relatively short term absence of predators (< 
100 years), causes rapid loss of recognition and response due to high maintenance costs. 
The second hypothesis predicts that introduced species will recognize and respond to rats, 
a current predator, but not snakes, a former predator.  
Finally, in evaluating all of these hypotheses, we argue that variability among 
individuals in their response to different predators may be as important to quantify as the 
overall population mean. If a trait does not have a high cost of maintenance, yet selection 
pressures have been relaxed, that trait may not be entirely lost across all individuals but 
rather become more variable in its expression, with some individuals retaining the trait 
while others lose it (Darwin 1859). In contrast, behavioral traits that are under strong 
selection should show less variation among individuals, with all individuals responding 
similarly to the stimulus. Therefore, we predict that individuals’ responses to predators 
that were historically present will be more consistent across individuals, while individual 
response to predators that are no longer present will be more variable. Responses towards 
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experimental controls should vary the most because there should be no stereotyped 
response toward a completely novel object and individuals may respond in varying ways. 
Answers to all of the preceding hypotheses are important in light of the increasing rate of 
introduced species (Seebens et al. 2017), and to directly helped conservationist 
understand how individual species may respond to introduced predators. 
 
METHODS 
Study area 
We conducted our study within Hakalau Forest National Wildlife Refuge (hereafter 
Hakalau) on Hawaiʻi Island, Hawaiʻi from February through June 2015 and 2016. 
Hakalau is located on the windward slopes of Mauna Kea, and encompasses a broad 
elevation (793-2,000m) and rainfall (254-635cm annual precipitation) gradient, with 
lower elevations receiving more rain. Hakalau largely consists of intact native ‘ōhi‘a 
(Metrosideros polymorpha)-koa (Acacia koa) rainforest, and intense reforestation efforts 
have been conducted since 1989 to convert the remaining 1,620 ha of former pasture land 
back into native forest.  
We used three previously established study sites during both years of data 
collection: Pedro (elevation 1,524 m), Koa Reforestation (elevation 1,585 m), and Pua 
Akala (elevation 1,890 m). The Pedro and Pua Akala sites are characterized by extensive 
groves of mature ‘ōhi’a-koa forest with areas of dense native understory interspersed with 
open areas of non-native grasses. The Koa Reforestation site is an even-aged, reforested 
stand of koa ca. 20 years old, with a closed canopy and little understory except non-
native grasses and recently planted native shrubs.  
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Study Species and Nest Finding 
We experimentally tested predator response behavior at the nests of five endemic 
Hawaiian species that have been present on the islands for 1.5-6 million years: ʻApapane 
(Himatione sanguinea), Hawai‘i ʻAmakihi (Chlorodrepanis virens), ʻIʻiwi (Drepanis 
coccinea), Hawai‘i ʻElepaio (Chasiempis sandwichensis), and ‘Ōma‘o (Myadestes 
obscurus), and two introduced species: Japanese White-eye (Zosterops japonicus) and 
Red-billed Leiothrix (Leiothrix lutea) that were introduced within the last century (Table 
2-1). We found nests by visually searching the canopy and by following behavioral cues 
such as adults carrying nesting material or using defensive displays toward humans. All 
species except the Red-billed Leiothrix were also being color banded as part of a larger 
demographic project, allowing us to differentiate individual pairs (though not all pairs 
used in this study had a color banded adult). We monitored all nests to completion (i.e. 
failure or fledging) as part of a separate demographic study as well. This experiment took 
place during the mid- to late nestling period (nestling day 7 onward) to control for any 
potential changes in predator response correlated with nestling development age. 
 
Table 2-1. The focal species used in this study at Hakalau Forest NWR, Hawai‘i, USA in 
2015 and 2016. Arrival time is the estimated time since the ancestor arrived in the 
Hawaiian Islands (Fleischer and McIntosh 2001, Pyle and Pyle 2009, Foster 2009, Lerner 
et al. 2011). 
Species Family Scientific Name Arrival 
Time 
Endemic/ 
Introduced 
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Hawaiʻi ʻElepaio Monarchidae Chasiempis sandwichensis >1.5mya  Endemic 
Japanese White-eye Zosteropidae Zosterops japonicus <100 years Introduced 
Red-billed Leiothrix Timaliidae Leiothrix lutea <100 years Introduced 
ʻŌmaʻo Turdidae Myadestes obscurus 3.4mya  Endemic 
ʻApapane Fringillidae Hematione sanguinea 5-6mya Endemic 
ʻIʻiwi Fringillidae Drepanis coccinea 5-6mya Endemic 
Hawaiʻi ʻAmakihi Fringillidae Chlorodrepanis virens 5-6mya Endemic 
 
Nest Predator Response 
We recorded responses by each study species to 1) a branch of the most common 
tree (‘ōhi‘a), 2) a cloth-covered plastic box mounted on that same ‘ōhi‘a branch, 3) a 
rubber snake on the branch, and 4) a taxidermy mounted rat on the branch. We assumed 
the ‘ōhi‘a branch alone served as a familiar, non-threatening object birds could encounter 
at any time near their nest, and therefore acted as a negative control. The box represented 
an entirely novel item but one that would have little similarity to a nest predator. We 
assumed that if responses were no different between the box and predator models, the 
birds were simply reacting to a novel object around their nest and not recognizing any 
model as a specific predator. Our experimental protocol was to place the ‘ōhi‘a branch or 
one of the 3 models, randomly chosen, within 1m of the nest each day for up to four 
consecutive days, with the branch or only one model presented on any one day. Because 
nests ranged from 1 to over 10m above the ground, we mounted each model on the 1m 
‘ōhi‘a branch and attached this to a 12m telescoping pole painted with a camouflage 
pattern on the top 4m of the pole. At each nest, we waited until neither adult was present 
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before raising the predator model to the nest with the model’s head oriented at the nest, 
then propped the pole in place by leaning it against branches or the trunk of the tree, and 
then retreated to an observation point. The observer hid among vegetation as far away as 
possible while still having a view of the nest area. We recorded all trials using video 
cameras placed approximately 10 to 20 meters from the nest (Pentax Optio WG-2, Ricoh 
Imaging Company, LTD, Tokyo, Japan and Panasonic Lumix FZ200, Panasonic 
Corporation, Osaka, Japan) and hand-held voice recorders. We officially started each trial 
when one bird approached within 2m of the nest or model and the trial lasted for 5 
minutes. The first member of the pair of birds associated with the nest to enter this 2m 
zone was considered the focal bird for the observation and we recorded behaviors for 
only that bird. After the 5-minute trial, we removed the model and pole from the area. 
 
Statistical Methods 
To quantify predator response behaviors, we recorded the number of call notes, 
the number of movements, and whether either parent fed the nestlings during the trial. 
We counted the number of individual call notes for all species except Red-billed 
Leiothrix and Japanese White-eye.  For the latter two, we recorded total time calling 
because they do not utter single notes, but rather string together long bouts of chattering 
when agitated. We defined a movement as the bird moving to a different physical 
location (e.g., hopping from one twig to another or flying from one side of the tree to the 
other). We did not include movements that did not change a bird’s physical location (e.g., 
a bird turning around in place on a branch). We did not include the number of calls and 
movements 5m or more away from the nest because typically birds could not be seen 
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when this far from the nest. The number of calls and movements should be greater 
towards predator models than controls if individuals recognize them as predators, as 
alarm calls and distraction movements are normal antipredator behaviors for passerines 
(Curio 1988, Montgomerie and Weatherhead 1988). There is some evidence that 
passerines respond to different predator types with different relative strength (Kleindorfer 
et al. 2005), but responses toward predator models should still be higher than either 
control if appropriate predator recognition and response is occurring. We assume that 
response behaviors toward both rats and snakes is the same for these birds (i.e. eliciting 
mobbing behaviors including many movements and alarm call notes) since they are both 
climbing terrestrial predators that pose little threat to adult birds once they are located. 
 We combined observations of three behaviors recorded during trials, 1) the 
number/duration of calls, 2) the number of movements, and 3) whether birds returned to 
the nest to feed nestlings, to create an overall index of agitation. We did this by scoring 
each behavior as 1 or 0, with 1 being the more agitated state. For each bird species, we 
scored the number of calls and number of moves per trial as a 1 if the value for that 
variable was more than 2 standard deviations (SD) greater than the mean recorded during 
trials using only the ‘ōhi‘a branch, and as a 0 if the value fell within 2 SD. We scored 
each trial a 1 if the pair did not feed the nestlings and a 0 if they did. These three numbers 
(scores for calls, movements, and whether the parents fed) were summed to get an 
agitation score between 0 (least agitated) and 3 (most agitated). We used the non-
parametric Fisher’s exact test to determine differences among predator model types using 
each species’ agitation scores. We then conducted pairwise tests to determine pairwise 
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differences among model types and species, and corrected for multiple comparisons using 
the Benjamini-Hochberg procedure controlling false discovery rate. 
To visually assess differences in predator response behavior within and among 
species, we used an NMDS (nonmetric multidimensional scaling) ordination and 
PERMANOVA analysis (999 permutations) using the Vegan package (version 2.4-2, 
Oksanen et al. 2016) in program R (R Core Team 2016). Ordinations are typically used to 
analyze community data; however, behavioral studies have used ordinations to visualize 
multiple comparisons within a dataset (Kazmaier et al. 2001, Mimura et al. 2013). In our 
study, a community was defined as the quantified behavioral response by each species to 
each model. Individual points in the ordination represent individual trials that were 
conducted, and if the points in ordination space are close together, this indicates the 
response of the birds in those trials was similar. If the points are spread out, this indicates 
the responses in those trials were different. We conducted an analysis of multivariate 
homogeneity of groups dispersions (variances) of model type groups within a species to 
determine if species’ responses to certain model types were more variable than to others 
using the betadisper function in Vegan (Oksanen et al. 2016). This test is a multivariate 
analogue for Levene’s test for homogeneity of variances. To test differences between the 
dispersion of a species’ response to the model types, we used ANOVA followed by 
Tukey’s honest significant difference method to determine pairwise differences among 
model types. This research was approved by the Northern Arizona University 
Institutional Animal Care and Use Committee. 
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RESULTS 
Field Effort 
In total, 177 trials over both field seasons were conducted across seven species (see 
Appendix 2-1 for individual sample sizes). In several trials, not all variables were 
collected due to technical errors or difficulty visually watching the nest during the trial 
without compromising the results, thus not all trials conducted could be used in each 
analysis. Due to relatively small sample sizes for each of the five endemic Hawaiian 
species we combined all endemic species together in our subsequent analyses (called 
“Endemic” in the following analysis). We felt justified in doing so due to overall similar 
behavioral responses by all these species to the models and because our overarching goal 
was to compare behavioral responses of birds isolated from predators for millions of 
years to those of recently introduced species. The two introduced bird species responded 
in strikingly different ways toward the snake model, so we kept these two separate during 
the analysis. Only one trial was completed for the endemic ‘Apapane, so we did not 
include this species in the agitation score analysis, but did include it in the NMDS 
analysis. 
 
Behavioral Responses to the Experimental Methods 
During the predator trials, we observed several behaviors across species that 
indicated that birds were responding to the models and not to extraneous factors like the 
presence of the extension pole or observer. Although not one of the variables used in our 
analysis, we observed that individuals, especially Red-billed Leiothrix, would orient 
themselves towards the predator model’s head (in the case of the rat and snake), rather 
than at the pole apparatus itself. We also witnessed two pairs of ʻŌmaʻo physically attack 
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the rat model, while ignoring the stick and snake models. In these latter two cases, both 
individuals of the pair were present, and stood upright, erecting the feathers on the breast, 
while fanning their tails and wings outward. They would then lunge downward at the rat 
until their beak contacted the rat’s head. There were also several instances of Hawaiʻi 
ʻElepaio flying towards, and then hovering near, the model, but never physically touching 
it. In one rat trial at an ʻIʻiwi nest, the bird hopped agitatedly around the model for 
approximately 30 seconds even hopping onto the branch on which the rat was mounted, 
while looking at the rat model. None of these behaviors were seen during trials with the 
box or branch. Together, these observations indicate that the mounted models were 
triggering a response and it was not simply a neophobic reaction to the branch, pole, or 
unusual object (cloth-covered box) near the nest. 
 
Agitation Score Results 
Across all species, the largest agitation score was associated with the rat model 
and the agitation score toward the rat model was significantly higher than the control 
‘ōhi‘a branch for all species (adjusted P value for multiple comparisons of Fisher’s Exact 
test: Endemic: P = 0.0072, Japanese White-eye: P = 0.0048, Red-billed Leiothrix: P = 
0.0079) (Figure 2-1). The Japanese White-eye also had a significantly higher response to 
the rat than the snake (adjusted P value for multiple comparisons of Fisher’s Exact test: P 
= 0.0048). In contrast, the Red-billed Leiothrix showed a high agitation score toward the 
snake, and there was a significant difference between their response to the snake and the 
stick (adjusted P value for multiple comparisons of Fisher’s Exact test: P = 0.037) but not 
between their response to the rat and the snake.  
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Figure 2-1. Mean (±SE) agitation score for each model type (control branch = open bars, 
box = light gray bar, snake = medium gray bar and rat = dark gray bar) for 4 endemic 
birds combined (Endemic) and for introduced (<100 years) Japanese White-eye and Red-
billed Leiothrix, during experimental trials in Hakalau Forest NWR, Hawai‘i, USA in 
2015 and 2016. Numerals above each bar are number of nests upon which the agitation 
score is based. Differing letters above bars denote significant differences (P adjusted for 
multiple comparisons < 0.05) between model types within each group. The overall, two-
sided Fisher’s Exact Test results for each species are: Endemic: P = 0.01, Japanese 
White-eye: P = 0.0009, Red-billed Leiothrix: P = 0.009.  
 
 There were also differences among species in agitation scores when we tested 
within each predator model (Figure 2-2). There was no difference in agitation score 
among species when using either of the control models (two-sided Fisher’s Exact test: 
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Box: P = 0.282 and Stick: P = 0.545) but there were for the rat and snake models (two-
sided Fisher’s Exact test: Snake: P < 0.001 and Rat: P = 0.001). The Red-billed 
Leiothrix, however, had significantly higher agitation scores than the other species in 
response to the rat and snake models (adjusted P value for multiple comparisons of two-
sided Fisher’s Exact test: Rat: P = 0.006 and P = 0.006, Snake: P < 0.001 and P = 0.001 
for Red-billed Leiothrix versus Japanese White-eye and Endemic species, respectively).  
  
 
Figure 2-2. Mean (±SE) agitation score of 4 endemic birds combined (Endemic) and for 
introduced Japanese White-eye and Red-billed Leiothrix (Endemic = open bars, Japanese 
White-eye = light gray bar, and Red-billed Leiothrix = dark gray bar) for each predator 
model, during experimental trials in Hakalau Forest NWR, Hawai‘i, USA in 2015 and 
2016. Numerals above each bar are number of nests upon which the agitation score is 
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based. Differing letters above bars denote significant differences (P adjusted for multiple 
comparisons < 0.05) between species within each group. 
 
Ordination Results 
 Similar to the results of the agitation analysis, NMDS analysis showed a 
difference among introduced species and the combined endemic species in their 
responses toward the models (PERMANOVA for Red-billed Leiothrix: pseudo-F3 = 
4.63, N = 35, P = 0.002; Japanese White-eye: pseudo-F3 = 3.52, N = 50, P = 0.0015; 
Endemic Species: pseudo-F3 = 2.36, N = 70, P = 0.002; Figure 2-3). The behavioral 
response scores of the Red-billed Leiothrix to both rat and snake models were well 
separated spatially from their response scores to the two controls, while response scores 
to the snake model by the Japanese White-eye and endemic species overlapped those of 
the two controls.  Likewise, although response scores of Japanese White-eyes and 
endemic species to the rat were generally spatially separated from their response scores to 
the other models, this was more apparent for the Japanese White-eye. More importantly, 
the NMDS analysis allowed us to test the variability in the response of birds to each of 
the models. Using the multivariate homogeneity of group dispersions test, we found 
significant differences in the dispersion (variance) of responses to several model types for 
Red-billed Leiothrix (F3 = 10.86, P < 0.001) and the endemic species (F3 = 3.82, P = 
0.014). Using a Tukey honest significant difference post hoc comparison, we found the 
Red-billed Leiothrix’s response to the stick model was significantly more dispersed 
(variable) than its response toward the rat (P < 0.0001) and the snake (P < 0.001), and its 
response to the box was more dispersed than toward the rat (P = 0.039). Endemic 
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species’ responses to the stick were more dispersed than to the rat (P = 0.045), and their 
response to the snake were marginally more dispersed than toward the rat (P = 0.052). In 
contrast, for Japanese White-eye there was no difference among the dispersion of 
responses toward any model. 
 
36 
 
 
Figure 2-3. NMDS ordination showing the response of 4 endemic birds combined 
(Endemic) and for introduced Japanese White-eye and Red-billed Leiothrix to each 
predator model (× = Stick, ○ = Box, + = Snake, ∆ = Rat), during experimental trials in 
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Hakalau Forest NWR, Hawai‘i, USA in 2015 and 2016. Points closer together indicate 
responses to models during experimental trials that were similar to each other. Points 
farther apart indicate responses during experimental trials that were less similar to each 
other. 
 
DISCUSSION 
Of the three hypotheses we posited about how endemic Hawaiian birds would respond to 
predators, the one most consistent with our findings was that recognition and response to 
snakes and rats was lost in the long period without these predator types, but those 
behaviors were re-established towards rats through recent experience or selection. These 
endemic species evolved for millions of years in the absence of rats, but some individuals 
now show a response towards them, while still ignoring the snake. Other species of 
passerine birds have been shown to learn responses to novel predators in evolutionarily 
short time-frames (Maloney and McLean 1995, Griffin et al. 2000, Massaro et al. 2008). 
The placement of passerine recognition and response behaviors toward novel predators 
along an innate-learned continuum (Ferrari et al. 2007), is still ambiguous.  
 
Learned predator recognition 
This study suggests that for endemic Hawaiian birds, current predator recognition 
is learned through experience. Although the mean agitation response toward the rat was 
the highest, it was not significantly different from that toward the box, a novel object 
control. This is expected if individuals must learn to respond toward predators, and not all 
individuals within a population have the same experiences. Alternatively, some 
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individuals may have a genetic difference in their response toward predators. In two 
trials, ʻŌmaʻo physically attacked the rat, while in one other trial both individuals of the 
pair fed their nestlings with the rat model present. In two separate ʻŌmaʻo trials using the 
rat, the male fed and the female did not. This opposite reaction to the same model 
predator reflects substantial individual variation in response to predators, and potentially 
suggests their response is based on experience and not innate recognition alone. This 
variation is important because selection can act upon variation and hopefully spread these 
behaviors throughout the population. 
Robins in New Zealand have developed recognition and response to novel 
mammalian predators (Maloney and McLean 1995, Massaro et al. 2008), but also lost 
that response within one generation after the predator was removed, despite having 
continuous avian predation pressures (Jameison and Ludwig 2012). Predator-naïve robins 
only needed one exposure to simulated mobbing behavior of a predator to subsequently 
recognize and respond appropriately to that predator (Maloney and McLean 1995). In 
that case, it appeared that appropriate response behaviors were still present in the robins, 
but predator recognition was not, and the same could be the case with endemic Hawaiian 
birds.  
Passerines have been found to culturally transmit novel predator recognition 
through mobbing behaviors (Curio 1988). Transmission of predator recognition through 
mobbing may play a role in the variation seen in this study as well. Although we recorded 
mobbing behavior in all twelve rat trials with Red-billed Leiothrix and eight out of 
sixteen rat trials for Japanese White-eyes, it happened less often during trials with 
endemic species (six out of twenty rat trials). If mobbing is a key method for culturally 
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transmitting predator recognition, then a lack of this behavior should slow transmission. 
The potentially lower mobbing rates of endemic species seen in our study indicate that it 
may be harder for endemic Hawaiian species to learn to recognize new predators through 
that mechanism.   
 
Multipredator hypothesis 
 Prior to human contact there were endemic predators on Hawaiʻi, but they were 
all avian, and only the Io (Hawaiian Hawk, Buteo solitarius) and Pueo (Short-eared Owl, 
Asio flammeus sandwichensis) survive in the wild today. The hunting method of these 
raptors is much different than that of climbing terrestrial nest predators, as birds of prey 
rely on sight and behavioral cues to hunt instead of other senses like smell, and can attack 
from a much greater distance. These endemic raptors eat adult and juvenile passerines as 
well as nestlings (Mounce 2008, Klavitter 2009, G. Cummins, personal obs), and the anti-
predator response towards them is different than towards smaller, terrestrial predators that 
are easier to evade. Endemic Hawaiian honeycreepers respond to Io and Pueo by leaving 
the nest, freezing, and sometimes uttering alarm calls (Mounce 2008, G. Cummins, 
personal observation). Hawaiʻi ʻElepaio have been observed making alarm calls and 
flying agitatedly after owls that were in the vicinity of their nests (G. Cummins, personal 
observation). Although the multipredator hypothesis predicts anti-predator responses to 
be conserved over time if the prey species still experiences some predation due to the 
genetic linkage of those behaviors, it would not be as likely for different and more 
specialized behavioral responses to be genetically linked (Griffin et al. 2000, Blumstein 
2006). Maintaining anti-predator responses after millions of years of relaxed selection 
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pressures from entire suites of predators is not as likely due to both costs of maintaining 
these behaviors and random genetic drift, and is probably why birds on islands across the 
globe have shown naivete towards introduced mammals and reptiles (Savidge 1987, 
Blumstein 2006, Blackburn et al. 2004). For the endemic Hawaiian honeycreepers 
(Fringillidae), it is possible that they colonized the islands before any predators, and 
therefore may have lived completely predator free for a million years. This is unknown 
due to uncertainty in the arrival times for some predatory bird species (Pratt 2009). 
 The two introduced birds we studied exhibited strikingly different responses to 
the snake model, and thus each species appeared to support an opposing hypothesis for 
maintenance of anti-predator behavior. The Red-billed Leiothrix reacted strongly to both 
a current predator, the rat, and a past predator, the snake, consistent with the prediction of 
the multipredator hypothesis that a species will retain anti-predator behaviors to multiple 
predators as long as they are still experiencing selective pressure from one predator 
(Blumstein 2006). Because Red-billed Leiothrix have experienced continuous threats 
from small mammalian predators both in their original range and after introduction to 
Hawaii, the multipredator hypothesis predicts they also would retain recognition of and 
response to snakes, another climbing, terrestrial predator, even after living in Hawaiʻi 
without snakes for over 90 years. Thus, the hypothesis that anti-snake behaviors in Red-
billed Leiothrix are linked at a genetic level to behavioral responses toward small 
mammalian predators, and are functionally similar to their response to those predators is 
supported (Blumstein 2006).  
In contrast, although the introduced Red-billed Leiothrix reacted strongly to the 
snake model, the same was not true of the Japanese White-eye, despite both being 
41 
 
introduced to Hawaiʻi at approximately the same time. Instead, the Japanese White-eye 
supported our second hypothesis, that even a relatively short time of relaxed selection 
pressure from snakes is enough to lose recognition and response toward this predator. A 
general loss of specific responses towards predators could be expected with relaxed 
predation pressures (Darwin 1859, Blumstein 2006). In a concurrent demographic study 
using these same study sites and individuals, we found nest predation rates to be quite 
low for endemic species (5% of known fate nests, ranging from 0 ʻIʻiwi nests to 23% of 
ʻŌmaʻo nests) and Japanese White-eyes (14% of known fate nests), and higher for Red-
billed Leiothrix (35% of known fate nests) (USGS, unpublished data). If endemic species 
and the Japanese White-eye have been experiencing relatively low levels of nest 
predation, their innate recognition and response toward predators would be expected to 
be less stereotyped (and therefore more variable) than species that experience higher 
levels of nest predation. If this is the case, only those individuals that learn to recognize 
and respond to predators through experience will react strongly toward a predator. Even 
if individuals do innately possess the correct response behaviors, a strong learned 
component to predator recognition may mean the appropriate behaviors are not exhibited. 
This difference in nest predation levels is a potential explanation for why there was large 
variability in responses towards predator models, and no statistical differences between 
predator models and the box control for endemic species and Japanese White-eyes. 
The source populations for the two introduced species is somewhat ambiguous 
(Pyle and Pyle 2009, Foster 2009), and therefore it is hard to know what level of nest 
predation pressure their ancestral populations faced. The current assumptions are that the 
Red-billed Leiothrix was introduced from populations in south China and possibly Nepal, 
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while the Japanese White-eye was introduced from mainland Japan (Pyle and Pyle 2009). 
There are snakes in both locations, but because Japanese White-eyes no longer recognize 
them as a threat, it could be the cost of retaining the recognition of snakes (and possibly 
any similar terrestrial predator) is higher for Japanese White-eyes than Red-billed 
Leiothrix. Their behavioral responses toward predators are similar, however, so we are 
unsure why this would be. In the case of anti-predator behaviors that differ in their costs 
under relaxed selection pressures, the multipredator hypothesis predicts that these 
behaviors may not be linked, and could therefore disappear or erode (Blumstein 2006). 
Founder effects and genetic drift in small, isolated island populations could also have 
contributed to loss of antipredator behaviors (Blumstein and Daniel 2005). Further 
experimentation is needed to clarify this issue. 
 
CONCLUSIONS 
This study indicates that in an evolutionarily short timeframe, individual 
passerines can develop recognition and seemingly appropriate responses to novel nest 
predators, but that these recognition behaviors don’t seem to be innate in the population. 
Recovering appropriate anti-predator recognition and response towards predator types 
that have been absent for millions of years (i.e. climbing, terrestrial predators such as rats 
and snakes) should be difficult despite continued avian predation (Griffin et al. 2000). 
Still, these results are promising for conservationists trying to restore wild populations 
with naïve individuals, and for those managing wild populations in areas with introduced 
predators. Endemic Hawaiian species show that they have variation in their ability to 
recognize new modern threats and are not all naïve toward introduced predators, although 
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it may take evolutionary time for this recognition to become innate throughout the 
population. Our study suggests the introduced Japanese White-eye, with low nest 
predation levels, did not retain recognition of snakes, a nest predator in their endemic 
range. However, the Red-billed Leiothrix, which still undergoes more normal levels of 
nest predation, did show trends of recognizing and responding to snakes, an historic 
predator in their endemic range. This partially supports the multipredator hypothesis, 
because the species with higher levels of nest predation responded strongly toward an 
absent predator, while the species with low nest predation levels (and therefore more 
relaxed selection pressures) did not. 
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APPENDICES 
Appendix 1. Sample sizes for each experimental presentation of predator models by 
species during experimental trials in Hakalau Forest NWR, Hawai‘i, USA in 2015 and 
2016. Samples are given for each type of analysis (NMDS ordination and Agitation Score 
Fisher’s Exact test). 
Species Model Number of 
Trials 
Number Trials 
for NMDS 
Number Trials for 
Agitation Score 
ʻApapane Box 0 0 0 
Rat 1 1 0 
Snake 0 0 0 
Stick 0 0 0 
Hawaiʻi ʻAmakihi Box 1 1 1 
Rat 1 1 1 
Snake 2 2 2 
Stick 2 2 2 
ʻIʻiwi Box 3 3 3 
Rat 2 2 2 
Snake 3 3 3 
Stick 3 3 3 
Hawaiʻi ʻElepaio Box 7 6 6 
Rat 8 8 8 
Snake 9 8 8 
Stick 6 6 6 
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ʻŌmaʻo Box 5 5 5 
Rat 7 7 6 
Snake 5 5 5 
Stick 5 4 4 
Japanese White-eye Box 14 10 11 
Rat 16 13 13 
Snake 17 14 14 
Stick 15 13 13 
Red-billed Leiothrix Box 11 9 9 
Rat 12 8 8 
Snake 12 8 8 
Stick 10 10 9 
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CHAPTER 3 
REPRODUCTIVE SUCCESS AND PARENTAL CARE OF FOREST BIRDS 
COLONIZING A TROPICAL RESTORATION FOREST 
 
ABSTRACT 
Habitat loss is one of the main reasons for species declines, especially when combined 
with climate change and introduced species. Restoration is an important conservation tool 
for species threatened by habitat loss, but monitoring the results of restoration actions 
using more than just metrics like presence/absence or species richness is key to 
understanding how effective restoration methods are. In Hawaiʻi, native koa (Acacia koa) 
is both a valuable timber species, and a key component of native forest ecosystems. 
Currently, lands that had been converted to pasture are being planted with koa for both 
production timber and restoration. We compared the nesting success and nest attendance 
behavior of four native bird species and two introduced bird species breeding in both a 
koa plantation and old-growth ‘ōhi‘a-koa (‘ōhi‘a: Metrosideros polymorpha) forests in 
Hakalau Forest National Wildlife Refuge to determine if koa plantations could support 
viable breeding populations of these species. We found no difference in either nesting 
success or nest attendance behaviors for all species, with the notable exception of 
Hawaiʻi ‘Elepaio (Chasiempis sandwichensis). Hawaiʻi ‘Elepaio took shorter off-bouts 
and spent more time incubating in the koa plantation than in mature ‘ōhi‘a-koa forests, 
which may suggest arthropods were more accessible in the koa plantation, allowing this 
aerial insectivore to spend less time foraging and more time incubating. Koa is a valued 
timber for woodworking and using land for grazing is decreasing in profitability. Our 
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findings argue that conversion of pastures to koa plantations offers the potential for 
economics to work synergistically with conservation in creating habitat for endemic 
species.  
 
KEYWORDS 
Acacia koa, Hawaiian honeycreepers, nest success, nest attendance, restoration 
evaluation 
 
INTRODUCTION 
Habitat loss is a major cause for species’ declines (e.g. Tillman et al. 1994, 
Brooks et al. 2002, Jantz et al. 2015) and restoring lost habitat is increasingly used as a 
conservation tool. Restoration efforts can be expensive to implement and monitor, 
however, and therefore evaluating the effectiveness of restoration should be a high 
priority (Suding 2011, Thorpe and Stanley 2011, Wortley et al. 2013). Restored areas 
may be inhabited by a species (e.g. Paxton et al. in press), but still be lower quality in 
terms of a species’ fitness. For birds, habitats may vary by plant diversity, food resources, 
predation levels, or climate. To appropriately evaluate a restored area, the area’s quality 
must be measured in terms of a species’ natural history in relation to these variables.  
The success of restoration must be measured in multiple ways to determine its 
effectiveness, including differences in animal behavior between restored areas and 
reference locations (Lindell 2008). Measures like species presence or species richness are 
important but do not give any indication of the costs of living in an area in terms of 
fitness for those individuals (Lindell 2008). For birds, nest survival gives a better 
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indication of habitat quality as productivity is a key parameter for fitness. Nest survival 
alone, however, does not indicate if the costs of each reproductive effort (i.e. each nesting 
attempt) are different between habitats. Reproduction is costly, impacting the parent’s 
survival and their future reproduction (e.g. Nilsson and Svensson 1996, Hanssen et al. 
2005). Costs are incurred during both incubation (Martin 2002) and nestling stages (Nur 
1987), so parents may need to alter their behavior throughout the nesting period to 
compensate for breeding in lower quality habitat. Predation, food, and climate can affect 
nest attendance (Martin 1995, Conway and Martin 2000), making it a key measure in 
assessing a habitat’s quality. Birds in higher quality habitat may be able to incubate 
longer and more often without sacrificing their own health (Chalfoun and Martin 2007) 
and increase the number of provisioning trips. Thus, for birds, combining estimates of 
nests success with measures of nest attendance can better indicate whether restored 
habitats are functionally similar to native habitats.  
 In Hawaiʻi, land conversion from mature ‘ōhi‘a-koa rainforest (‘ōhi‘a: 
Metrosideros polymorpha; koa: Acacia koa) to pasture and agriculture, combined with 
the spread of avian malaria (Plasmodium relictum), has led to very limited habitat for 
endemic forest bird species (Fortini et al. 2015). After the southern house mosquito 
(Culex quinquefasciatus) was introduced to the islands, avian malaria spread from 
introduced and migratory bird species to resident endemics and caused widespread 
mortality (Atkinson and LaPointe 2009). Populations of native passerine species are now 
limited to high elevations (~1500m) above which Plasmodium cannot yet develop 
(Atkinson and LaPointe 2009, Fortini et al. 2015). Over the past two centuries, large 
amounts of land at these elevations were converted from native rainforest to grazing land 
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consisting largely of non-native grasses (summarized in Scowcroft and Jeffery 1999, 
Scowcroft et al. 2008). In the past two to three decades, however, the price and demand 
for koa as valuable timber has led to an economic incentive for landowners to convert 
pasture to koa plantations (Goldstein 2006).  Koa grows very quickly, and can provide a 
stable microclimate and canopy under which other native species may establish 
(Scowcroft and Jeffery 1999). Native birds use koa plantations for foraging and breeding, 
including the endangered ‘Akiapola‘au (Hemignathus wilsoni), ‘Akepa (Loxops 
coccineus), and Hawai‘i Creeper (Loxops mana) (Pejchar et al. 2005, Cummins et al. 
2014, Paxton et al. 2017). One previous study found that the ‘Akiapola‘au, a koa 
specialist, had higher densities and exhibited less territoriality in a koa plantation than in 
old growth ‘ōhi‘a-koa forests, suggesting that koa plantations could provide adequate 
habitat for some native species (Pejchar et al. 2005).  
 The goal of our study was to examine if nest success and nest attendance 
behaviors (incubation bout lengths, percentage of time on the nest, and number of 
provisioning trips) of birds nesting in a koa plantation would differ to birds nesting in 
native ‘ōhi‘a-koa forests.  We predicted that if young koa plantations were a viable forest 
habitat for native species, we would see no difference in nesting success or nest 
attendance behavior between the two forest types. If the habitat quality differed between 
forest types, however, we predicted that either nest success or nest attendance behaviors 
would reflect that difference. Answers to this question are important as the outcome 
greatly affects the ability of restoration biologists to use a native species in commercial 
forests that also support native birds.  
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METHODS 
Study Area 
We conducted our study within Hakalau Forest National Wildlife Refuge (hereafter 
Hakalau), on Hawaiʻi Island, Hawaiʻi from February through June in 2014 through 2016. 
Hakalau lies on the windward slopes of Mauna Kea, and encompasses an elevational 
(793-2,000m) and rainfall (254-635cm annual precipitation) gradient, with lower 
elevations receiving more rain.  Habitat in Hakalau consists of intact native ‘ōhi‘a-koa 
rainforest (approximately 8,200 ha) and pasture (approximately 1,000 ha), and intense 
reforestation efforts have been conducted since 1987 to convert the former pasture into 
koa forest (Scowcroft and Jeffery 1999).  
Three previously established study sites were used during all years of data 
collection: two old growth ‘ōhi‘a-koa forest sites about 5km apart (elevations of 1,524 m 
and 1,890 m, hereafter reference sites), and one koa reforestation site (elevation 1,585 m, 
hereafter restoration site). The reference sites were characterized by extensive groves of 
mature ‘ōhi‘a-koa forest with areas of dense native understory interspersed with open 
areas of non-native grasses, and were combined for all analysis. The restoration site was a 
plantation-style, even-aged, stand of koa trees ca. 20 years old, with a closed canopy and 
little understory except non-native grasses and recently planted native shrubs. The 
restoration site could not be replicated due to the difficulty of finding and monitoring 
nests of multiple species at more than these three established sites. 
 
Nest Finding and Monitoring 
We chose species for this study that were common enough in both forest types to 
provide sufficient nests for statistical analyses (Table 3-1). Species included in this study 
59 
 
span a wide range of foraging guilds, allowing us to test if the restoration site provided 
viable breeding habitat for species utilizing a wide range of resources (Table 3-1). These 
species were also being color-banded at passive banding stations as part of a larger 
demographic project, allowing us to identify individual parents at many nests. Most nests 
were found using behavioral cues such as birds carrying nesting material or becoming 
very agitated when a human was close to the nest. We monitored all nests every 1-4 days 
depending on nesting stage to determine ultimate nest fate. If the lay date or hatch date of 
a nest was unknown, it was monitored every two days until the age of the nest could be 
determined. If the age of a nest was known, monitoring was relaxed to every three or four 
days, until daily checks were implemented once the nest was close to hatching or 
fledging. We checked nests using spotting scopes and watched nests for up to 30 minutes. 
In cases where a nest was less than 10m high, we used a telescoping aluminum pole with 
a mounted wireless camera and a handheld video screen to check nest contents in real 
time (MBP26 Digital Wireless Video Baby Monitor, Motorola Mobility LLC, Chicago, 
IL).  
 
Table 3-1. The focal species used in this study at Hakalau Forest NWR, Hawai‘i, USA 
from 2013 to 2016. Included are the common and scientific name, conservation status 
(IUCN 2016), whether the species is endemic or introduced to Hawaii, and foraging guild 
(defined by their diet and foraging strategy) (Foster and Robinson 2007, Banko and 
Banko 2009).  
Species Family Scientific 
Name 
Conservation 
Status 
Endemic/ 
Introduced 
Foraging 
Guild 
‘Apapane Fringillidae Hematione Least Endemic Nectarivore 
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sanguinea Concern 
Hawaiʻi 
‘Amakihi 
Fringillidae Chlorodrepanis 
virens 
Least 
Concern 
Endemic Generalist 
Hawaiʻi 
Creeper 
Fringillidae Loxops mana Endangered Endemic Insectivore 
Hawaiʻi 
‘Elepaio 
Monarchidae Chasiempis 
sandwichensis 
Vulnerable Endemic Insectivore 
Japanese 
White-eye 
Zosteropidae Zosterops 
japonicus 
Least 
Concern 
Introduced Generalist 
Red-billed 
Leiothrix 
Timaliidae Leiothrix lutea Least 
Concern 
Introduced Frugivore 
 
 Nests were not considered active until egg laying was confirmed, either by 
checking nest contents visually or observing incubation behavior. After a nest became 
inactive, the following categories were used to assign nest fate: 1) successful – 
determined by observing fledglings in the same tree as the nest on the fledge day, banded 
adults feeding fledglings after fledge day, or empty nests on fledge day that had healthy 
and active nestlings the day before, 2) depredated - determined either by witnessing a 
predation event, or assumed based on damage to the nest typical of a predator and/or the 
sudden disappearance of all nestlings/eggs prior to fledge age, 3) abandoned - designated 
when nestlings or eggs were left unattended and nestlings were subsequently found dead 
in the nest, eggs went unhatched and there was no sign of adults for at least three nest 
checks prior to the full incubation period, or nest became disheveled/dismantled while 
eggs were present, and no adult was seen at the nest for three nest checks,  4) failed to 
hatch - designated when parents incubated a clutch beyond the normal incubation period, 
the eggs remained in the nest but never hatched, and the nest was eventually abandoned, 
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5) storm/material failure - designated when a nest was found blown out of a tree or 
destroyed by wind; or the nest structure was found otherwise broken, without predation 
of eggs or nestlings (e.g. the side of a nest drooped and spilled eggs on the ground, 
uneaten), 6) failure for unknown reasons - designated when a nest was determined to be 
no longer active prior to fledging, but for unknown reasons,  7) unknown fate - 
designated when a nest was not followed to completion, usually because the field season 
ended, or the fate could not be determined. 
 
Nest Success Analysis 
 We calculated nest success with Program MARK (Version 8.1, White and 
Burnham 1999), which calculates Daily Survival Rate (DSR) of nests using a maximum 
likelihood method and allows covariables to be included in models of DSR (Dinsmore et 
al. 2002). We used habitat type (reference or restoration site) as a covariate in the model 
to allow calculation of habitat specific DSR for each species. Model estimates of DSR for 
each species in each habitat were then used to calculate cumulative nest success for the 
average nesting period length of each species (this equals the respective DSR for each 
species exponentiated to the length of its average nesting period). We considered that 
year may affect nest survival (e.g. Robinson et al. 2000, Cummins et al. 2014), 
potentially because vegetation differences between habitat types may cause differing 
habitat quality across years. An AIC analysis within Program MARK showed support for 
year as a major variable affecting DSR, but an interaction between year and habitat type 
was not as supported, and estimates of DSR within year between habitat type were 
similar (Appendix 3-1). Therefore, year was left out of further analysis of DSR. 
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Parental Attendance and Behavior 
We observed nest attendance behaviors from a distance through a spotting scope 
during both incubation and nestling periods. Observations lasted at least 90 minutes, and 
in most cases ended when an adult either arrived or left the nest. Incubation observations 
were done at any point after the full clutch was laid, while nestling observations were 
done between day 8-12 of nestling age for native species, and day 7-11 for non-native 
species. This corresponded to the developmental period between the breaking of pin 
feathers of flight feathers to the breaking of pin feathers on all feather tracts. All 
observations began between 6:30am and 10am, and most were made during fair weather.  
Based on nest observations, we calculated the average incubation bout length, 
percentage of total time on the nest, the total number of trips to and from the nest per 
hour (for incubation), and the total number of trips to and from the nest per hour per 
nestling (provisioning trips).  
 
Parental Attendance and Behavior Analysis 
 We used package lme4 (version 1.1-12, Bates et al. 2015) in program R (R Core 
Team 2016) to run mixed-effects linear regression models to test differences between 
habitat types (reference versus restoration site) and attendance behaviors for each species 
separately. Each unique breeding pair was given a pair ID, and this was used as the 
random effect in the model to account for multiple observations of that pair across years 
and within breeding seasons (though each pair was observed only once during each 
individual nesting attempt). Pair IDs within a species were recycled for unbanded pairs 
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between years as this is more conservative than assuming each unbanded pair across 
years is unique. Year was used as second random effect in the models to control for any 
differences across years. 
 
RESULTS 
Nest Success 
 Overall, 491 nests were found and followed until completion across all species 
and sites (reference sites n = 264, restoration site n = 227; Figure 3-1, see Appendix 3-1 
for individual species sample sizes). DSR for each species was nearly the same across 
both forest types, and all 95% confidence intervals between site types within each species 
overlapped. There were some trends, however, as DSR was slightly lower at the 
restoration site and slightly higher at the reference sites for all endemic Hawaiian species. 
DSR was higher at the restoration site for both Japanese White-eye and Red-billed 
Leiothrix. The only significant difference (non-overlapping 95% confidence intervals) 
was that ‘Apapane and Hawai‘i ‘Amakihi have higher DSR than Red-billed Leiothrix in 
reference sites. 
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Figure 3-1. DSR (Daily Survival Rate) estimates of nest success for each species at the 
restoration site (dark gray bars) and reference sites (light gray bars) in Hakalau Forest 
NWR, Hawai‘i, USA from 2013 to 2016. Error bars are 95% confidence intervals and 
numerals above bars are sample sizes. ‘Apapane and Hawai‘i ‘Amakihi have higher DSR 
in reference sites than Red-billed Leiothrix, but these are the only pairwise comparisons 
with non-overlapping 95% confidence intervals. Although not significant, DSR estimates 
for the restoration site are lower across all Hawaiian species compared with the reference 
sites, and the opposite is true for the introduced bird species. 
 
Attendance behavior during incubation 
 Of the five species (three endemic and two introduced), only the endemic Hawaiʻi 
‘Elepaio showed a significant difference between the reference sites and the restoration 
site in incubation behavior. No ‘Apapane nests were observed in the restoration site 
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during incubation, so this species is not included in analysis. Hawaiʻi ‘Elepaio off bouts 
averaged over 4 times as long (n = 36 observations of 20 unique pairs, X2 = 18.89, df = 1, 
p < 0.001; Figure 3-2a) and nest attendance was 14.8% lower in reference sites (n = 36 
observations of 20 unique pairs, X2 = 16.89, df = 1, p < 0.001; Figure 3-2b). Sample sizes 
were very small for Red-billed Leiothrix, and so no significant differences were found 
despite a similar trend (see Appendix 3-2 for sample sizes). No differences were found 
for the length of off bouts or overall nest attendance in the other species, and no 
differences were found for any species in the number of trips taken to and from the nest 
during incubation (Figure 3-2c).  
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(dark gray boxes) or reference sites (light gray boxes). b) Percentage of time spent 
incubating during morning hours for each species and site type. c) Number of trips made 
to and from the nest while incubating during morning hours. Stars above paired boxes in 
indicate significant differences (P < 0.05) between the two habitat types within that 
species according to mixed-effects linear regression models.  
 
Provisioning trips to the nest  
 There was no significant difference in the number of feeding trips per hour per 
nestling between the two forest types within any species (all P > 0.25; Figure 3-3) using 
mixed-effects linear regression models for each species. Red-billed Leiothrix appears to 
have a trend of more feeding trips in the reference sites, but limited sample sizes preclude 
judging significance (see Appendix 3-2 for sample sizes). 
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Figure 3-3. Boxplots showing the number of provisioning trips per hour per nestling for 
each species in the restoration site (dark gray) and reference sites (light gray boxes) at 
Hakalau Forest NWR, Hawai‘i, USA, from 2014 to 2016. Mixed-effects linear regression 
models for each species found no significant differences between the restoration and 
reference sites. 
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DISCUSSION 
Overall, we do not reject our hypothesis that birds breeding in a koa plantation 
and an ‘ōhi‘a-koa reference forest would not differ in terms of nest success and nest 
attendance behaviors. We used nest success as one metric in determining if populations 
of birds living within a restored forest are viable over the long term. We found no 
difference in nest success for any species between the restoration site and old-growth 
reference sites. Pejchar et al. (2005) also found no difference in nesting success between 
these two forest types when studying the endangered, insect-specialist ‘Akiapola‘au, 
although this species was so rare that sample sizes were admittedly low in that study. The 
only interspecific differences in nest success within one forest type was that ‘Apapane 
and Hawai‘i ‘Amakihi had higher DSR than Red-billed Leiothrix in the reference sites. 
One explanation for this could be that Red-billed Leiothrix have higher nest predation 
rates (USGS unpublished data) than any other species. In addition to nest success, we 
anecdotally observed nesting densities to be higher in the restoration site than at least one 
of the reference sites for all generalist and insectivorous species. We also anecdotally 
note, however, that there were fewer ‘Apapane (nectarivore) and Red-billed Leiothrix 
(frugivore) nesting in the restoration site. Nectarivores and frugivores have colonized koa 
restoration areas in Hakalau more slowly than more insectivorous birds as well (Paxton et 
al. in press). No differences were seen in nest success or nest attendance behaviors for the 
nectarivore or frugivore species between forest types, but our anecdotal observation of 
fewer nesting pairs combined with the lower densities found by Paxton et al. (in press) 
could indicate a lower nest carrying capacity in koa reforested areas. This may be due to 
the relative lack of understory vegetation and flowering ‘ōhi‘a trees in the restoration site 
compared with reference sites (Paxton et al. in press). The fact that we found no 
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significant difference in nest success in the restored site compared with the reference sites 
indicates that multiple endemic Hawaiian birds are able to utilize this new forest as viable 
breeding habitat. 
We used nest attendance behaviors to determine if breeding within a restored 
forest caused any energetic cost differences compared with birds breeding in a reference 
old-growth forest. We found no difference in nesting behaviors for three of the four 
endemic species and both introduced bird species nesting in the restoration site compared 
to old-growth reference sites. Hawaiʻi ‘Elepaio were the only species with behavior 
differences between the sites during incubation, and we found no differences in the 
provisioning rates for Hawaiʻi ‘Elepaio or any other species. Provisioning rates may not 
be a direct indicator of habitat quality (Stauss et al. 2005), but there is evidence that the 
number of trips may correlate with the mass of food provisioned, at least for crop feeding 
finches (Nolan et al. 2001). If we assume that provisioning rates reflect foraging 
efficiency, our data indicate no difference in food accessibility for provisioning nestlings 
between these two forest types.  
Only one species, Hawaiʻi ‘Elepaio, showed significant differences between the 
forest types in terms of nest attendance behavior, and only during the incubation phase of 
nesting. This species spent less time incubating and had longer off-bouts during 
incubation in the reference sties compared with the restoration site. The increase in time 
spent incubating and shorter times off the nest within the restoration site could indicate 
that food for adults was more easily accessible in the restoration site, allowing Hawaiʻi 
‘Elepaio more time to incubate eggs. Hawaiʻi ‘Elepaio are aerial insectivores, and koa 
forests may provide greater habitat for these insects and a more open canopy for catching 
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them. Higher densities of another insect specialist, the ‘Akiapola‘au, in a koa plantation 
was assumed to be because of higher prey availability on their preferred foraging 
substrate of koa trees (Pejchar et al. 2005) and the same may hold for other insectivores 
and their prey as well. Peck et al. (2014) found similar communities of bark-dwelling 
arthropods on koa and ‘ōhi‘a trees in old growth forests within Hakalau. Combined with 
our results, this suggests that koa restoration sites have adequate food resources for birds 
to breed successfully and without higher energetic costs than in reference old-growth 
sites, at least for more insectivorous species. 
Evaluating restoration using animal behavior is an important tool in fully 
understanding how to best implement restoration with conservation goals, but one that 
has not been used often (Lindell 2008, Jones and Davidson 2016). Studies that have 
looked at bird behavior regarding restoration success have varying reports of the 
successfulness of restoration, highlighting the need to include this in future studies. 
Results from studies that use behavior to understand the effectiveness of restoration, 
however, have been informative with regards to what aspects of restored habitat are key 
for species survival (e.g. Morrison et al. 2009, Morrison and Lindell 2011, Maslo et al. 
2012, Bennett et al. 2013, Mander et al. 2013). With an increasing number of restoration 
evaluation studies (Wortley et al. 2013), we should ensure we are using metrics that are 
meaningful to the species we are trying to conserve, and using animal behavior to do so 
should be an important aspect going forward. 
Koa is a fast-growing species, used both for commercial and reforestation 
purposes, and if forest birds can breed successfully within it even before the stand 
reaches maturity, economics can work synergistically with conservation. Due to the 
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increasing benefit of using land for forestry instead of grazing (Goldstein et al. 2006), it 
is important to understand how native species respond to even-aged plantations, even of a 
native species such as koa. Although we only had one reforested koa plantation site in our 
study, our results follow the same trend of a previous study using very similar study sites 
(Pejchar et al. 2005). Together, these results indicate that koa plantations can serves as 
habitat for a variety of native Hawaiian bird species, and therefore are a viable option for 
restoration of degraded landscapes. We are not advocating for the transformation of 
mature ‘ōhi‘a-koa forests into plantations, but rather for restoration of current high 
elevation rangeland to koa plantations as a first step toward creating more habitat for 
endemic species. As the climate warms, the elevation at which avian malaria occurs will 
rise, causing an ever-shrinking elevational zone of habitat for native bird species (Fortini 
et al. 2015). Increasing habitat within the projected elevational areas where populations 
of native birds can survive may be critical for their long-term survival. 
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APPENDICES 
Appendix 3-1. Nest success across all species in this study in Hakalau Forest NWR, 
Hawai‘i, USA during February through early May 2013, and from February through mid-
June 2014-2016. Values listed are DSR (Daily Survival Rate) for each year within each 
forest type. Although the yearly variation is notable, there is very slight and inconsistent 
variation between forest types within years. 
 Restoration Reference 
2013 0.991718 0.992395 
2014 0.947466 0.952386 
2015 0.946925 0.93797 
2016 0.97172 0.973178 
 
Appendix 3-2. Nest success for each species at each study site in Hakalau Forest NWR, 
Hawai‘i, USA from 2013 to 2016. Cumulative nest success (DSR – Daily Survival Rate – 
exponentiated to the average length of the nesting period) is calculated for 33-day nesting 
period lengths for ‘Apapane and Hawaiʻi ‘Amakihi, 34 days for Hawaiʻi ‘Elepaio and 
Hawaiʻi Creeper, 26 days for Japanese White-eye, and 25 days for Red-billed Leiothrix. 
‘Apapane and Hawai‘i ‘Amakihi have higher DSR in reference sites than Red-billed 
Leiothrix, but these are the only pairwise comparisons with non-overlapping 95% 
confidence intervals. All 95% confidence intervals for cumulative nest success (not 
shown) are overlapping among species. Although not significant, DSR estimates for the 
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Restoration site are lower across all Hawaiian species compared with the Reference sites, 
and the opposite is true for the introduced bird species. 
Species Site N DSR 95% Confidence Interval Cumulative 
    Lower Upper Success 
‘Apapane Restoration 23 0.9480831 0.9169260 0.9679629 17% 
 Reference 87 0.9623413 0.9503702 0.9715114 28% 
Hawaiʻi 
‘Amakihi 
Restoration 50 0.9591937 0.9422241 0.9713308 25% 
Reference 75 0.9656824 0.9535444 0.9747330 32% 
Hawaiʻi 
‘Elepaio 
Restoration 32 0.9682392 0.9526559 0.9788074 33% 
Reference 9 0.9744078 0.9442145 0.9884590 41% 
Hawaiʻi 
Creeper 
Restoration 17 0.9671296 0.9399820 0.9822298 32% 
Reference 21 0.9685698 0.9454728 0.9820687 34% 
Japanese 
White-eye 
Restoration 92 0.9562946 0.9430768 0.9665521 31% 
Reference 39 0.9401624 0.9122413 0.9595936 20% 
Red-billed 
Leiothrix 
Restoration 13 0.9275549 0.8555706 0.9651244 15% 
Reference 33 0.9109306 0.8687782 0.9404702 10% 
 
Appendix 3-3. Sample sizes for each species by habitat type (restoration or reference) and 
variables used in mixed effect linear regression models to test differences in nest 
attendance behaviors and habitat type in Hakalau Forest NWR, Hawai‘i Island, USA 
between 2014 and 2016. Unique pairs are the number of different pairs used in the 
analysis (unique pair ID was used as a random effect when modeling). 
 Average Off Percent of Trips per Trips per Unique Pairs Unique 
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Bout Length Time 
Incubating 
Hour 
(incubation) 
Hour per 
Chick 
(Incubation) Pairs 
(Nestlings) 
‘Apapane       
Restoration 0 0 0 4 0 4 
Reference 9 9 9 6 8 6 
Hawai‘i 
‘Amakihi 
   
 
 
 
Restoration 28 28 29 12 15 8 
Reference 33 33 33 32 24 22 
Hawai‘i 
‘Elepaio 
   
 
 
 
Restoration 24 24 25 9 10 7 
Reference 12 12 12 3 10 3 
Hawai‘i 
Creeper 
   
 
 
 
Restoration 13 13 13 11 6 6 
Reference 18 18 20 15 12 8 
Japanese 
White-eye 
   
 
 
 
Restoration 42 42 43 38 30 27 
Reference 16 16 16 7 9 8 
Red-billed    
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Leiothrix 
Restoration 3 3 3 7 3 5 
Reference 4 4 4 5 2 5 
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CHAPTER 4 
RETROSPECTIVE: RECOMMENDATIONS FOR FUTURE RESEARCH 
 
This research has improved our understanding of the time it takes for birds to 
develop responses toward introduced predators. My research also shows that new forest 
types, specifically restoration forests, can be viable breeding habitat. Specifically, for 
Hawaii, no predator response behaviors have been reported, and only in the past decade 
have restoration sites existed long enough to conduct meaningful studies on how birds 
may be using them. There are, however, many aspects of this project that could be 
improved upon, and many questions left to be clarified. 
 
Sample size and logistics 
As with many wildlife studies, sample sizes are small in my research. To improve 
this, I would need to have either 1) many more field seasons to collect data or 2) an 
enormous field crew collecting data within a single season. For this project, the number 
of people searching for nests during a single field season varied from five to seven, and 
these same people were also monitoring nests, doing behavior observations, and running 
the predator response experimental trials. To increase the number of nests found that 
could be used for behavior observations and experimental trials, I would necessarily need 
more people in the field each day, or combine data from across more field seasons than 
the timeline of a thesis allows. 
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How do these birds respond to other predators? 
In my experiment, I was interested in the response of endemic species to predators 
they did not evolve with, and potentially whether these behaviors had become innate or 
were being learned through individual experiences. What was missing was how the 
endemic bird species respond to predators that they have lived with for millions of years, 
i.e. birds of prey. How do these endemic birds respond to raptors? How does that 
compare to their response toward these terrestrial predators? The multipredator 
hypothesis (Blumstein 2006) would suggest that because they have been experiencing 
predation from birds for millions of years, they should have antipredator responses. Birds 
of prey and terrestrial predators like rats and snakes may elicit much different responses 
from birds, however. Terrestrial predators rely more on scent to find bird nests, and must 
be closer to the nest to attack, while birds of prey rely on sight and can attack from 
greater distances. Since these are two very different types of predators we could expect 
different antipredator responses towards each of them, and therefore these behaviors may 
not be linked (Griffin et al. 2001, Kleindorfer et al. 2005). Comparing the response of 
endemic Hawaiian forest birds toward models of endemic birds of prey with their 
responses toward models of novel and introduced terrestrial predators has the potential to 
inform us if innate responses toward avian predators are easily translatable toward novel 
threats. 
 
The cost of maintaining predator response 
Another unknown factor is the cost of maintaining a recognition and response 
toward an absent predator. I would be interested to understand the difference in costs of 
maintaining these behaviors between Japanese White-eyes and Red-billed Leiothrix, if 
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any exist. If there are no differences in the cost of maintenance, then I would suggest that 
the reason for the lack of response toward the snake model of Japanese White-eyes is due 
to the reduction in overall nest predation that is occurring in Hawaii. Japanese White-eyes 
nest higher in the vegetation than Red-billed Leiothrix, and have lower rates of nest 
predation. This may mean their response toward all predators has begun to erode, and 
they may only respond in a consistent manner toward predators each individual has 
experienced in their lifetime. To tease apart which of these hypotheses, higher costs of 
maintenance in predator recognition for Japanese White-eyes or a lack of nest predation 
altogether leading to the erosion of all responses toward nest predators, we would need to 
understand the costs of maintaining predator recognition and response toward absent 
predators. 
 
Captive studies 
To truly understand how much of individual endemic birds’ response towards the 
rat model was inherited as opposed to learned, two future studies could take place. First, 
eggs could be taken from nests and the young raised in captivity before being exposed to 
model rats as adults. This would ensure no learning about or direct experience with this 
introduced predator could have occurred prior to their exposure to the model. If the birds 
responded to the rat model, this would indicate a strong genetic basis for this recognition 
and response. Second, a cross-fostering experiment could be done in the field, where 
young from the nest of parents that responded strongly towards the rat are swapped with 
those from parents that ignored the rat model. Once the young mature, they could be 
tested with the same model predator. If young from parents that responded to the rat do 
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so as well, and young from parents that do not respond to the rat don’t, this would 
indicate a genetic and heritable component to the recognition and response towards this 
introduced predator. My current study alone, however, cannot decipher how much the 
behavior of those individuals that responded to the rat was innate versus learned.  
 
Nesting density of birds in restored forests 
I argue that the restored koa forest site is providing viable breeding habitat for 
birds, and is no different than reference ohia-koa forest sites for individuals of these 
species. At the population level, this question becomes more complicated. We do not 
have a good estimate of the density of territories and nests for each species within each 
habitat type. It is possible that individuals are breeding successfully and expending 
similar amounts of energy to do so in the restored site compared with the reference sites, 
while those sites are still less productive on a per area basis. Potentially the ‘nest carrying 
capacity’ of one habitat is lower than the other, even though productivity at each nest is 
the same. If so, one habitat type would be less productive on a population level, despite 
having equal nest success on an individual level. The density of birds, territories, and 
nests within these two habitat types needs further investigation.  
 
Fledgling survival between both habitats? 
Another important parameter of fitness, besides reproductive success, is survival. 
The demographic project that my research was nested under conducted five years of 
banding at the same three study sites to estimate survival in each of these habitat types. 
However, one key stage of every passerine bird’s life is the fledgling and juvenile stage 
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immediately after they leave the nest. Unfortunately, we were not able to band nestlings, 
nor put radio transmitters on them, due to the inaccessibility of the nests in the canopy. If 
possible, this would have allowed us to track fledgling birds’ movement and survival 
once leaving the nest, and thus definitively calculate the fitness of these species in each 
habitat type. It remains to be determined whether juvenile survival is lower in the 
restored site compared to the reference, old-growth sites.  
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